Murine AIDS (MAIDS), caused by a defective murine leukemia virus, is a severe lymphoproliferative disease associated with profound immunodeficiency and increased susceptibility to opportunistic infections. Most subsets of lymphocytes, including CD4 ⍣ and CD8 ⍣ T cells, are refractory to mitogen stimulation. As a first step to examine proximal signal transduction in the infected mice, Western and Northern blot analyses were performed, and showed that p56 lck is dramatically decreased at the protein as well as the mRNA level in the lymph nodes (LN). In contrast, p59 fyn and its mRNA were slightly increased in the LN of the same mice. Similar results were obtained with purified T cells. Interestingly, the thymus of the infected animals did not show any abnormality regarding p56 lck or p59 fyn . Tyrosine phosphorylation was constitutively increased in the infected mice and was barely amplified by anti-CD3 mAb stimulation. A similar pattern was observed when tyrosine phosphorylation was selectively examined at the level of ZAP-70. Our results suggest that a reciprocal regulation of p56 lck and p59 fyn protein tyrosine kinases, previously described in various models of anergy, could also be involved in the pathogenesis of MAIDS.
Introduction
Infection of C57BL/6 (B6) mice with a murine leukemia virus (MuLV) mixture (RadLV-Rs), which includes an etiologic replication-defective virus (Du5H), induces a syndrome termed murine AIDS (MAIDS) (1, 2) . The disease is characterized by impaired signal transduction in T cells, as well as in B cells (3) (4) (5) (6) , dramatic lymphadenopathy and splenomegaly, polyclonal B cell activation, and late B cell lymphomas (7) . CD4 ϩ T cells are absolutely required to sustain lymphoproliferation of B cells in peripheral lymphoid organs (8) . Nevertheless, convincing evidence from P. Jolicoeur's group has established that the defective virus responsible for MAIDS has a preferential tropism for B cells rather than T cells (9) . This suggests that T cell anergy which develops in MAIDS is most likely due to indirect mechanisms rather than to intracellular infection with Du5H. The molecular mechanisms responsible for the functional defects of Du5H-infected mice remain unclear. We and others have observed abolished calcium fluxes in response to T cell mitogens as well to ionomycin in mice with MAIDS (3, 4) . Moreover, CD4 ϩ T cells Correspondence to: M. Moutschen Transmitting editor: R. R. Hardy
Received 22 December 1997, accepted 15 June 1998 from infected mice fail to activate phospholipase C (PLC)-γ1 in response to mitogens leading to diminished inositol (1,4,5)-triphosphate production (6) . TCR stimulation leads to activation of p56 lck and p59 fyn (10) (11) (12) (13) , two Src family tyrosine kinases, which are required for the activation of the syk family tyrosine kinase ZAP-70 (14, 15) . ZAP-70 is a key enzyme which largely contributes to the phosphorylation and activation of PLC-γ1 (16) . In addition, ZAP-70 also phosphorylates Shc which complexes to Grb-2 and the guanine exchange factor mSOS. This complex then activates p21 ras and the MAPK pathway (17) . In a classical model where anergy is induced by TCR occupancy in the absence of co-stimulatory signals (18, 19) , two groups have demonstrated a block in p21 ras activation leading to reduced levels of phosphorylated AP-1 and inhibition of IL-2 gene transcription (20, 21) . In addition to these relatively distal defects in the signal transduction pathways, Quill et al. demonstrated changes in the amounts of Src family kinases in murine T h 1 clones anergized by culture with immobilized anti-CD3 mAb: p56 lck decreased 2-to 5-fold, while p59 fyn increased (22) . The molecular mechanism responsible for this altered expression (i.e. increased protein degradation or decreased synthesis) was not elucidated. In contrast to the relative abundance of the literature devoted to in vitro models of anergy, very few deal with molecular defects in in vivo models of anergy. In one study, Desbarats et al. demonstrated decreased levels of p56 lck and p59 fyn in the T cells of mice developing chronic graft versus host disease (23) .
In this study, we analyzed the proximal signaling events in T cells from mice infected with the MAIDS virus. The expression of the Src family protein tyrosine kinases (PTK) p56 lck and p59 fyn , and the Syk family ZAP-70 were studied over the course of the infection. In addition, the tyrosine phosphorylation of ZAP-70 was studied in basal conditions and after in vitro stimulation of the TCR. Interestingly, our results are reminiscent of the in vitro data of Quill et al. (22) showing strongly decreased p56 lck and slightly increased p59 fyn . A similar pattern was observed at the mRNA level, suggesting a decreased transcription and/or stability of p56 lck mRNA. Interestingly, this process did not involve the thymus where the expression of p56 lck and p59 fyn was similar to controls at the protein and at the mRNA level. In the LN of infected mice, ZAP-70 was expressed normally but was constitutively tyrosine hyperphosphorylated and failed to respond to TCR stimulation by further phosphorylation.
Methods

Mice
Male C57Bl/Ka (H-2 b ) mice were bred in our facility. Mice were injected twice i.p. at the age of 4 and 5 weeks with 0.25 ml RadLV-Rs Duplan MuLV stock solution. Aged-matched control mice were injected twice with 0.25 ml saline. After different time intervals (first injection ϭ time 0), mice were sacrificed with CO 2 asphyxiation. Thymus and lymph nodes (LN) (inguinal, axillary and cervical) were removed. Singlecell suspensions of thymus and LN were prepared with a fitting glass homogenizer, passed through a nylon cell strainer, washed 3 times and counted on a Thoma hematocytometer.
Virus
Extracts were prepared from the LN and spleen of three mice injected 2 months earlier with RadLV-Rs extract 64 kindly provided by E. Legrand (INSERM 117, Bordeaux, France) as described previously (2) . Lymphoid organs were ground in PBS and centrifuged 30 min at 1.5ϫ10 4 g. This cell-free supernatant constituted the extract. It was injected immediately into mice or stored in liquid nitrogen. XC plaque assay (24) was used to measure virus titer. The virus preparation contained 1ϫ10 3 p.f.u. ecotropic virus /ml.
Antibodies
The following polyclonal antibodies were used for Western blotting and/or immunoprecipitation experiments: rabbit antip56 lck (Upstate Biotechnology, Lake Placid, NY), anti-p59 fyn (Santa Cruz Biotechnology, Santa Cruz, CA), anti-ZAP-70 (25) and anti-actin (A-1804; Sigma, St Louis, MO). Mouse antiphosphotyrosine mAb (clone 4G10) was purchased from Upstate Biotechnology. Second-step alkaline phosphataseconjugated antibodies were purchased from Santa Cruz Biotechnology. The hamster anti-CD3 mAb 1452C11 (26) was used for stimulation of LN lymphocytes in the antiphosphotyrosine experiments.
Probes
Probes were generated from plasmic clones: PUC-19 for lck (27) , Bluescript for fyn (28) and Gem-β-actin for β-actin (29) . The oligonucleotide specific for 28S rRNA was purchased from Promega (Madison, WI). The lck, fyn and β-actin clones were purified by agarose gel electrophoresis, electroeluted, extracted in chloroform/isobutanol, and labeled using a [ 32 P]dCTP and [ 32 P]dTTP (3000 Ci/ mmol; Amersham, Amersham, UK and New England Nuclear, Boston, MA) and a random primer DNA labeling kit (Boehringer, Mannheim, Germany), as described by the manufacturer. Probes were separated from unincorporated radionucleotides by filtration through a column of Sephadex G50 and denatured in a boiling water bath for 5 min. Specific radioactivities ranged between 0.5 and 2ϫ10 9 c.p.m./µg.
Protein extraction and Western blot analysis
A total of 10 7 cells per sample were lysed in TNE lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 5 mM EDTA, 1 mM Na 3 VO 4 , and 10 µg/ml aprotinin, leupeptin and pepsatin) (30) . Lysates were centrifuged at 16,000 g for 20 min at 4°C and the supernatants collected. Protein concentration was determined by Bradford assay using BSA as the standard. Lysates (30 µg) were boiled for 10 min in 1% reducing SDS sample buffer, followed by electrophoresis on 10% SDS-PAGE according to Laemmli (31) . Western blotting was performed as described by Towbin et al. (32) . After electrophoresis proteins were transferred to nitrocellulose membranes (0.45 µm; Schleicher & Schuell, Dassel, Germany) using a Trans-blot SD apparatus (BioRad, Gent, Belgium). Membranes were blocked overnight in TBS-Tween containing 5% non-fat milk. Proteins were detected using specific antibodies and visualized using the BCIP/NPT kit (Zymed, South San Francisco, CA).
Immunoprecipitations and antiphosphotyrosine assays Cells (2ϫ10 6 ) were suspended in 2 ml RPMI 1640 with 10% FCS. For stimulation, the hamster anti-CD3 mAb (1452C11) (26) was used at 5 µg/ml and cells were incubated at 37°C for 3 or 5 min. Control cells were incubated without 1452C11 mAb for the same delay. Cells were washed twice in PBS, pelleted and lysed using TNE as described above. Protein extracts were incubated first with the anti-ZAP-70 polyclonal antibody for 1 h at 4°C and protein precipitations were performed by adding agarose-Protein A (Pharmacia, Uppsala, Sweden) and incubating overnight at 4°C. Precipitates were washed 5 times with cold lysis buffer and boiled in Laemmli sample buffer before electrophoresis (31) . After blotting, membranes were probed with either the antiphosphotyrosine mAb or the anti-ZAP-70 antibody.
RNA purification and Northern blot analysis
Purification of total RNA was performed according to Chirgwin et al. (33) . Briefly, cells were washed in PBS and solubilized in 5 M guanidine thiocyanate at room temperature before being processed as described. Northern blots were done as described previously (29) . In brief, total RNA was suspended in 7.5ϫSSC and 13.1% formaldehyde. Electrophoresis was performed for 12-16 h at 30-45 V at 4°C. RNA was then transferred onto nylon membranes (Amersham) and fixed by UV irradiation for 1 min. Nylon membranes were prehybridized for 16 h at 42°C in 40% formamide, 0.9 M NaCl, 50 mM Na phosphate, pH 7.0, 5 mM EDTA, 0.1 SDS, 5ϫDenhardt's, 5% dextran sulfate and 100 µg/ml of herring sperm DNA, and hybridized in the same solution containing the cDNA probes. Washing was performed in 0.3ϫSSC at 65°C followed by autoradiography at -70°C. The amount of total RNA loaded on the gels was estimated by ethidium bromide staining and/or by hybridization of the membranes with end-labeled oligonucleotide specific of the 28S rRNA (Promega, Madison, WI) as described by the manufacturer.
Flow cytometry and cell sorting FACS analysis was performed as previously described (34) . Cells were labeled for 20 min with FITC-conjugated rat anti-B220 mAb (CD45R/RA3-6B2) specific to B cells (purchased from PharMingen, San Diego, CA). Cells were analyzed on a FACStar Plus (Becton Dickinson, Erembodegem, Belgium) using forward scatter and propidium iodide to exclude dead cells. Sorted T (B220 -) and B (B220 ϩ ) cell populations were routinely 95-98% pure.
Results
The LN lymphocytes of infected mice present strongly decreased p56 lck and slightly increased p59 fyn protein levels while the amount of both PTK remains normal in the thymus Using Western blotting experiments, we compared the levels of p56 lck and p59 fyn PTK in the LN and thymus of controls versus infected mice (Fig. 1) . Very low levels of p56 lck (Ͻ20% of controls) were detected in LN of infected mice (4 weeks post-infection and at later time points), while thymic expression was roughly similar to control levels (Fig. 1A) . p56 lck remained at normal levels in the thymus of the infected mice even in animals with late-stage disease (12 weeks post-infection, data not shown). In contrast with p56 lck , MAIDS was associated with increased amounts of p59 fyn in the LN (~130% of controls), but not in the thymus (Fig. 1B) . The control antiactin showed a slight decrease of actin protein in the LN (~70% of controls) (Fig. 1C) . The same results were obtained using immunoprecipitation experiments with specific antisera followed by Western blotting (not shown).
The decreased level of p56 lck in the LN is not due to the increased frequency of B cells in infected animals MAIDS is characterized by an increased proportion of B cells in the LN, but not in the thymus (at least at the early stages of the infection). Since B cells are normally devoid of p56 lck , it was necessary to rule out a simple dilution effect of B cells on p56 lck expression. Thus, FACS was used to obtain 95- 98% pure populations of B220 -and B220 ϩ cells from LN suspensions. Previous experiments showed that Ͼ95% of B220 -cells of control as well as RadLV-Rs-infected mice are CD3 ϩ (not shown). Extracts from T cells of normal mice contained 2-fold higher amounts of p56 lck than unsorted cells from the same animals (Fig. 2) . In contrast, T cells from infected mice yielded very low amounts of p56 lck (Ͻ15% of control T cells). As expected, B cells were negative for p56 lck in all mice (Fig. 2) . p56 lck mRNA, but not p59 fyn mRNA is decreased in the LN of infected mice
The levels of mRNA for p56 lck and p59 fyn were assessed by Northern blotting using the LN of infected versus control mice (Fig. 3) . p56 lck mRNA displayed a dramatic decrease after infection (5 weeks post-infection and at later time points) (Fig. 3A) . The decrease was calculated using a densitometric ratio calculated with the density of 28S rRNA taken as an internal standard (Fig. 3F) . For the experiment shown in Fig. 3 , the densitometric ratio of p56 lck mRNA of Fig. 2 . p56 lck in sorted T cells of LN of infected mice and agematched controls. Ninety-five percent pure T cells (B220 -) and B cells (B220 ϩ ) from a RadLV-Rs-infected mouse (6 weeks postinfection) and an age-matched control were sorted using flow cytometry. Cells were lysed and protein extracts were Western blotted with the anti-p56 lck antibody (A) and anti-actin antibody (B). Cell lysates from total non-sorted LN lymphocytes were also tested. A densitometric ratio between the band of p56 lck and the corresponding actin was calculated (C). Results are representative of three independent experiments. control mice was around 0.50 (0.51 Ϯ 0.09) while it fell below 0.15 (0.14 Ϯ 0.03) in the LN of the infected animals (P ϭ 0.0002). The densitometric ratio of β-actin mRNA was also lower in the infected animals (0.66 Ϯ 0.12 versus 0.85 Ϯ 0.07; P ϭ 0.1028) but this difference was not statistically significant. In contrast to p56 lck mRNA, the densitometric ratio of p59 fyn mRNA was slightly higher in the infected mice than in controls (0.64 Ϯ 0.16 versus 0.42 Ϯ 0.08, P ϭ 0.1421), but this difference was not statistically significant. T cells from control and infected mice were purified from LN suspensions using FACS and analyzed by Northern blotting (Fig. 4) . As observed at the protein level, purified T cells from infected mice (6 weeks post-infection) showed a strong decrease of the p56 lck mRNA expression compared to their normal counterparts (Fig. 4) . Despite this strong down-regulation in the LN of the infected mice, the quantity of p56 lck mRNA remained normal in the thymus of the infected animals (not shown).
The LN lymphocytes from infected mice display increased constitutive tyrosine phosphorylation of multiple proteins (including ZAP-70) which fails to increase further following in vitro activation.
Total LN protein extracts from control and infected mice (6 weeks post-infection) were tested for tyrosine phos- phorylation in basal conditions and after anti-CD3 stimulation. Control lymphocytes responded to anti-CD3 mAb stimulation with a strong increase of protein tyrosine phosphorylation, as measured by an antiphosphotyrosine Western blotting (Fig. 5) . Three minutes after stimulation, tyrosine phosphorylation was observed at 50, 70, 80, 96, 120, 130 and 140 kDa. In infected mice, LN lymphocytes were characterized by a increased baseline tyrosine phosphorylation reminiscent of the pattern observed on the anti-CD3-stimulated cells of control mice. Constitutive tyrosine phosphorylation was particularly evident at 80, 96 and 120 kDa. After anti-CD3 antibody stimulation, only a minor increase of phosphorylation was observed. This increase was slightly more pronounced for the protein bands at 50, 120 and 140 kDa (Fig. 5) .
Similar antiphosphotyrosine blotting experiments were performed after immunoprecipitation of ZAP-70 (Fig. 6) . Phosphorylation of ZAP-70 was constitutively elevated in the infected animals and failed to increase after stimulation. Some constitutive phosphorylation of ZAP-70 was seen in the normal mice although at much lower levels than in mice with MAIDS. As expected, lymphocytes of control LN responded to the anti-CD3 stimulation by a strong increase of ZAP-70 phosphorylation. Fig. 4 . Analysis of the p56 lck mRNA in sorted T cells of LN of infected mice and age-matched controls. Ninety-five percent pure T cells (B220 -) and B cells (B220 ϩ ) from two RadLV-Rs-infected mice (6 weeks post infection) and two age-matched controls were sorted using flow cytometry. RNAs were fractionated on Northern blots and hybridized with the probe for lck (A) and β-actin (B). Ethidium bromide-stained gel electrophoresis is illustrated in (C). A densitometric ratio was calculated for lck using the density of the corresponding β-actin mRNA band as a standard (D). 
Discussion
In this study, we report novel results regarding the pathogenesis of murine retrovirus-induced immunodeficiency: (i) p56 lck protein is strongly down-regulated in LN T cells, while the amount of p59 fyn moderately increases, (ii) this regulation takes place at least in part at the mRNA level, (iii) ZAP-70 is normally expressed but is constitutively tyrosine phosphorylated and fails to phosphorylate further following TCR stimulation, and (iv) thymocytes of infected mice have a normal amount of p56 lck and p59 fyn . It is unlikely that the decreased amount of p56 lck could correspond to an extraction artifact since other proteins such as p59 fyn , ZAP-70 or the ζ chain of the TCR (Trebak et al., unpublished results) were not affected. The normal expression of the TCR ζ chain is particularly important since this protein was previously shown to be easily degraded in tumor-bearing mice (in splenic T cells and in tumor-infiltrating lymphocytes) (35) (36) (37) . Furthermore, the concordance of the mRNA results argues against a technical problem specific to protein extraction and/or Western blotting procedures. It is also unlikely that these modifications could be non-specific and simply correspond to the advanced disease state of the mice. Down-regulation of p56 lck was an early event, detected as early as 3 weeks after infection (not shown) when the mice were still apparently healthy. Using sorting experiments, we also ruled out the trivial explanation in which p56 lckϩ T cells would be greatly outnumbered by p56 lck-B cells which expand more rapidly in the LN of the infected animals.
Interestingly, a pattern of down-regulation of p56 lck associated with normal or increased levels of p59 fyn has been described in several types of T cell immunodeficiencies. In HIV infection, Cayota et al. observed increased cellular levels of p59 fyn and decreased cellular levels of p56 lck especially in T cells of patients with strongly inhibited proliferative responses to immobilized anti-CD3 (38) . In peripheral blood lymphocytes of patients with malignant glioblastoma, p56 lck protein levels are dramatically reduced and p59 fyn levels are normal or only slightly decreased (39) . Interestingly this pattern is associated with impaired calcium fluxes and a marked decrease in tyrosine phosphorylation of several substrates including PLC-γ1. The induction of anergy in murine CD4 ϩ T h 1 clones by immobilized anti-CD3 antibody downregulates p56 lck protein levels while p59 fyn is detected at higher levels (22) . Although previously described in various pathological settings, this deviant pattern of Src family kinases expression has never been clearly explained. To our knowledge, our study is the first to suggest that the reciprocal regulation of p56 lck and p59 fyn expression associated with immunodeficiency takes occurs at least in part at the mRNA level.
Considering the mitogenic activation of human T cells, Paillard et al. described a pronounced down-regulation of p56 lck which was mostly attributable to decreased mRNA transcription and stability (40) . The activation of T cells leading to IL-2 secretion and proliferation resulted in the shortterm down-regulation of p56 lck followed by a rapid increase in mRNA half-life (41) . The authors proposed that the transient down-regulation of p56 lck could correspond to a negative feedback loop controlling TCR-mediated activation. Interestingly, the development of lymphoproliferation and T cell anergy in MAIDS is supposed to be antigen driven and requires the expression of MHC class II molecules (42) . The nature of the antigens responsible for this effect remains unknown but their expression on infected B cells is most likely to be involved. Therefore, similarly to what is observed during in vitro mitogenic activation of T cells, TCR-mediated signals could also be directly responsible for the down-regulation of p56 lck which occurs in mice with MAIDS. Our results showing normal expression of both Src kinase in the thymus of the infected mice also suggest that a soluble factor is unlikely to be responsible, but that cognate interaction [i.e. with infected B cells which are not present in the thymus until late stages of the disease (43) ] must occur to induce the p56 lck downregulation. At the difference of the physiological activation of T cells where the down-regulation of p56 lck is only transient, MAIDS is associated with a chronically decreased level of p56 lck which tends to worsen with time. It remains to be established if the absence of re-expression is simply due to the persistence of the stimulus (quantitative abnormality) or if intrinsically abnormal signals delivered to the TCR induce an irreversible rather than transient down-regulation of p56 lck (qualitative abnormality). Abnormal signaling by superantigens or by altered peptide ligands is associated with incomplete phosphorylation of the ζ chain of the TCR and lack of ZAP-70 recruitment. However, contrary to what was observed in MAIDS, p56 lck is not down-regulated nor is there a constitutive phosphorylation of ZAP-70 in those models (44, 45 (14) , but recent data suggested that phosphorylation of Tyr292 and Tyr492 could inhibit antigen receptor signaling (49) . MRL/lpr mice develop autoimmune disease, massive lymphadenopathy and accumulate large numbers of autoreactive T cells which are refractory to mitogenic stimulation (50) . Interestingly, these cells are characterized by decreased p56 lck expression (51), overexpression of p59 fyn and constitutive phosphorylation of ZAP-70 (52, 53) . Moreover, MRL/lpr mice lacking p59 fyn do not display constitutive phosphorylation of ZAP-70 and do not develop autoimmune disease nor lymphadenopathy, which suggests that p59 fyn generates a signal for the expansion of autoreactive T cells in the periphery (54) . As in MRL/lpr mice, peripheral lymphocytes from patients with systemic lupus erythematosus present abnormal tyrosine phosphorylation patterns with constitutive hyperphosphorylation at 55-60, 110 and 120 kDa, and failure to increase phosphorylation after TCR stimulation (55) .
In view of the similar molecular abnormalities observed in the autoreactive CD4 ϩ T cells which accumulate in MRL/lpr mice, we suggest that self-antigens could be involved in the pathogenesis of MAIDS. Current models of autoimmunity postulate that breaking of peripheral tolerance could result from aberrant co-stimulatory activity of APC (56) . Interestingly, we have observed increased expression of B7 ligands by B cells in MAIDS. Moreover, the administration of CTLA-4-Ig, a reagent which blocks the interactions between CD28 and B7 ligands, inhibits the development of the syndrome despite a conserved viral load (57) . Although signs of autoimmunity have been incidentally reported in MAIDS (58) (59) (60) , the rapidly fatal lymphoproliferative disease and the refractoriness of T cells to in vitro stimulation have not allowed so far to clearly identify autoreactive T cells in the animals.
In summary, we have observed a ubiquitous pattern of signaling defects in T cells of mice infected with the MAIDS virus. Although on a persistent rather than transient mode, the down-regulation of p56 lck is reminiscent of the negative feedback loop which occurs after normal activation of T cells. Moreover, down-modulation of p56 lck , overexpression of p59 fyn and constitutive phosphorylation of ZAP-70 evoke the observations made in the murine MRL/lpr model of autoimmunity, in patients with systemic lupus erythematosus and possibly in some tumor-bearing patients. We postulate that such a pattern of signaling defects could be associated with chronic in vivo exposure to low-affinity TCR ligands (i.e. self antigens) in the presence of aberrantly regulated costimulatory signals.
